Introduction
Wetting between reinforcements and metallic matrix is the most important requirement to obtain uniform dispersion of reinforcements. The wetting can be improved by increasing the surface tension of reinforcements or decreasing that of the matrix and the interfacial energy of reinforcements/matrix. [1, 2] The addition of magnesium to molten pure aluminum has proved to enhance the wettability of the ceramic reinforcements [3] [4] [5] and changes the oxide film from Al 2 O 3 to MgAl 2 O 4. [6] The interfacial bond of reinforcements/matrix can be improved by the formation of spinels, such as MgAl 2 O 4 that can promote the bond strength between metals and ceramics. [3, 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] In addition, magnesium reduces the casting fluidity and the surface tension of aluminum melt and acts as a powerful surfactant in aluminum alloys. [1] Aluminum-magnesium melt can oxidize rapidly because of the formation of magnesium oxide, whereas pure aluminum or aluminum alloys free of magnesium oxidize more slowly at temperatures proper for melt processing. [15] [16] [17] This rapid oxidation has been widely studied to prevent or minimize the severe melt loss, unexpected alloy compositional changes from the formation of preferential oxidation of magnesium. [15] In casting, the oxide is easily fractured and entrained into the melt by the turbulence of melt stirring and pouring. Consequently, the oxide causes the formation of hot tearing and porosity and reduces the mechanical properties and corrosion resistance of cast metal alloys. [18] Recently, however, it was suggested that magnesium aluminate (spinel, MgAl 2 O 4 ) and magnesium oxide (MgO) can be potent substrates for enhanced heterogeneous nucleation of aluminum grains in aluminum-magnesium alloys, and as a result, uniform microstructure and fine grains can be achieved.. [17, 19, 20] Accordingly, it is imperative to investigate their formation mechanism and ability to nucleate aluminum grains in order to facilitate the use of oxides for the grain refinement and structural uniformity of the alloys. MgAl 2 O 4 with the density of 3.65 g/cm 3 exhibits a congruent melting point at 2315°C in the MgO-Al 2 O 3 phase diagram and shows low coefficient of thermal expansion, good thermal shock resistance, and high electrical resistivity. [21] [22] [23] The lattice parameter for the close-packed oxygen anion sublattice of the MgAl 2 O 4 unit cell is nearly equal to that of aluminum unit cell with the same face-centered cubic structure. This similar crystal structure can form low energy interfaces for any orientation. For instance, the lattice mismatch of the MgAl 2 O 4 (400) and aluminum (200) is about 0.2%, which is one of the lowest among all reinforcements in aluminum matrix. [21, 24, 25] Therefore, several studies suggested that a stable oxide that can act as the substrate for heterogeneous nucleation of aluminum grains is probably MgAl 2 O 4 . [17, 20] However, it was shown that MgO (not MgAl 2 O 4 ) can act as the substrate for
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited. the heterogeneous nucleation. [19] Because magnesium is a very effective surfactant to liquid aluminum, it has a high concentration at the surface of liquid aluminum-magnesium alloys. [17] The segregation of magnesium to the surface of liquid aluminum was detected experimentally in previous studies on the oxidation of molten aluminum. [17, 26] Consequently, it is expected that the initial oxidation product of the aluminum-magnesium melt is MgO. In addition, it was shown by high-resolution analytical electron microscopy that MgO was detected at the center of one aluminum grain and might have acted as the substrate. [19] Therefore, it is necessary to investigate the formation mechanism of MgO and MgAl 2 O 4 under normal melting conditions and their possibility of acting as substrates as the heterogeneous nucleation, which is the main purpose of this study. Furthermore, although many papers showed the interface of exogenous fiber or spinel/aluminum in aluminum-based composites, [3, 6, 8, 9, 11, 13, 27] there are few paper showing high-resolution analysis of the interface of endogenous oxide and aluminum. In this study, the interface has been also investigated by high-resolution analytical electron microscopy.
Experimental
Oxidation of aluminum alloys is dependent on oxidation time and temperature, alloying elements, and water vapor in oxidizing atmosphere. [16, [28] [29] [30] [31] Therefore, in this study, an aluminum alloy containing 4 wt.% magnesium, which previously showed the possibility of the enhanced heterogeneous nucleation of aluminum grains, [19, 32] was used to minimize the effect of other alloying elements. Furthermore, the alloy was melted and held in dry air at a fixed temperature of 1023 K for 5 min (300 s), 17 min (1020 s), 1 h (3600 s), and 3 h (10 800 s). Samples were etched for 5 min in 2% HF solution and then melted in sintered alumina crucibles that were placed in an oxidation cell with dimensions 355 mm height and 48.4 mm diameter. The oxidation apparatus and procedure are outlined elsewhere. [33] Surfaces of as-oxidized samples were observed by scanning electron microscopy (SEM). For cross-sectional observation, samples were submitted to standard cutting, grinding, and polishing operations. Microstructural observations were carried out with a field emission gun SEM (JEOL JSM-7000 F) equipped with an electron dispersive X-ray (EDX) spectrometer and a focused ion beam (FIB) SEM (FIB-SEM, FEI Quanta 3D) equipped with dual (ion and electron) beam and an EDX system. For high-resolution analytical electron microscopy, then, thin samples were fabricated by a FIB milling and lifting-out technique. [34] [35] [36] Figure 1 shows two representative sampling images by FIB. A sample showing a thin oxidized layer near the surface was selected for the sampling, and then, a protective tungsten layer was deposited on the marked region in Fig. 1a . The FIB lifting-out technique made trenches, thinned, and lifted out near the tungsten-deposited region. The region was then put on a copper grid and milled further for the transmission of electron beams in transmission electron microscopy (TEM). Figure 1b shows another sampling including fine particles. As indicated by the arrows, it is clear that the interested particles were fabricated into a TEM sample. Thin samples for TEM were observed by a high-resolution microscope (FE-TEM, FEI Tecnai F20) with a scanning mode [scanning transmission electron microscopy (STEM)] and an EDX system (STEM-EDX resolution 2~3 nm). Especially, for chemical analysis, STEM high angle annular dark field (HAADF) images using Z-contrast, which is directly related to the atomic number in the acquired region, were acquired in interested regions. For phase analysis, Trumap ™ qualitative analysis software belonging to the EDX system, which can resolve a differences of more than 0.03 keV by the deconvolution of overlapping elements and background removal, [37] was used to measure the concentration and selected area diffraction patterns (SADP) were also used. For sufficient statistical confidence, all measurements were carried out on more than ten analysis areas. During TEM observation, every sample was cooled with liquid nitrogen to protect it from high energy electrons.
Results
High temperature oxidation of Al-4 wt.% Mg Figure 2 shows typical SEM images of the cross-sections and surfaces Al-4 wt.% Mg alloy oxidized at 1023 K. A thin oxidized layer of about 5 μm forms initially on the surface of the alloy melt ( Fig. 2a ). As the oxidation time increases, the thickness of the layer increases gradually ( Fig. 2c and e ). At an extended oxidation time of about 3 h, the alloy is severely oxidized, and the oxidized thickness is over about 500 μm ( Fig. 2g ). Regardless of the oxidation time, the oxidized layer is not uniform. In order to know the morphology of as-oxidized sample for different oxidation times, the surfaces were observed at the same magnification of 1000×. The surface of an initially oxidized sample is quite porous (Fig. 2b ). As the oxidation progresses, the porous morphology seems to disappear ( Fig. 2d ). However, the surface becomes serpentine (Fig. 2f ), and finally, more deep and wide pores form ( Fig. 2h ).
For high-resolution analysis of the surfaces of as-oxidized samples, SEM images were also acquired at high magnifications of 50 000× ( Fig. 3a and b) and 25 000× ( Fig. 3c ). At a short oxidation time of 5 min ( Fig. 3a) , granules of about several micrometers with numerous protrusions form and cover the surface. As oxidation progresses, a more complex morphology forms. However, SEM-EDX point analysis could not find any MgAl 2 O 4 particles in shortly oxidized samples except MgO. As several studies suggested that MgAl 2 O 4 phase forms after initial oxidation, [16, 38] the surface oxidized for 3 h was scanned meticulously, and finally, a fine particle is detected as shown in Fig. 3b . The particle is clearly confirmed as MgAl 2 O 4 after STEM-EDX analysis (see Fig. 6 ). In order to know the general morphology of MgAl 2 O 4 , the oxidation time was extended to 7 h. Figure 3c shows several MgAl 2 O 4 particles. It is clear that MgAl 2 O 4 exists as discrete particles near the surface. In addition, the size, which is an important parameter to evaluate the possibility of acting as the substrate for nucleation of aluminum grains, is diverse from about 100~200 nm to about 1~2 μm. Therefore, it is concluded that aluminum alloys melt containing magnesium oxidizes readily because of the high affinities of magnesium and aluminum with oxygen, forms initially MgO, and after initial oxidation, MgAl 2 O 4 forms as discrete particles.
High-resolution observation of MgO
The particle detected in Fig. 3a was further investigated by TEM. The FIB technique described in Fig. 1 was used to make a TEM sample. Prior to the milling, a tungsten layer to protect the particle from strong gallium ion beam was deposited during TEM sampling. Figure 4 shows STEM-HAADF images and STEM-EDX element maps of the particle. The particle is preserved without any critical damage because of the protective tungsten deposition on its surface during the sampling (Fig. 4b ). As expected, the particle is porous and composed of magnesium and oxygen ( Fig. 4c and d) . The magnified image ( Table 1 , aluminum and MgO have nearly equal crystal structure and lattice parameters. Consequently, just with SADP, it is difficult to clearly distinguish aluminum with MgO even though several different diffraction patterns can be acquired at different zone axes. However, STEM-EDX analysis with resolution 2~3 nm clearly confirms and distinguishes the two phases ( Fig. 5b and c) . In Fig. 5 , it is also confirmed that MgO and aluminum can be bonded directly even after the extensive oxidation. The intimate bonding is essential for MgO to act as the substrate for aluminum grains, which is discussed later.
High-resolution observation of MgAl 2 O 4
Figures 2 and 3 showed that MgAl 2 O 4 could form after initial oxidation time. In order to compare with the interface MgO/aluminum, that of MgAl 2 O 4 /aluminum was observed by high-resolution TEM. The MgAl 2 O 4 particle detected in Fig. 3b was fabricated into a TEM sample by the FIB technique. Figure 6 is STEM-HAADF images and STEM-EDX element maps near the particle. The particle seems to be surrounded with MgO ( Fig. 6a ). However, STEM-HAADF images ( Fig. 6b and f) and magnesium maps ( Fig. 6c and g Figure 7 is STEM-EDX spectra of the marked points in Fig. 6b . The atomic percentages of each point are summarized in Table 2 . The phases in the point M and the point S are MgO and MgAl 2 O 4 , respectively. The spectrum acquired at the point A corresponds clearly to aluminum oxide (Al 2 O 3 ). Another TEM sample ( Fig. 1b ) made from a different specimen that had been oxidized for 7 h also showed the Al 2 O 3 phase at the interface (not shown here). It is interesting to find Al 2 O 3 at the interface of aluminum and MgAl 2 O 4 . Figure 8 shows another interesting finding of Al 2 O 3 near MgAl 2 O 4 . In this case, a MgAl 2 O 4 particle that was detected near aluminum (not surrounded with MgO) was chosen for TEM sampling. A STEM-HAADF image shows clearly that there is another phase between A and S (Fig. 8a ). Magnesium is detected in just the top region including the phase S (Fig. 8b) . In contrast, aluminum shows different contrast through the whole region ( Fig. 8c ). It should be emphasized that the oxygen map does not correspond to the magnesium (Fig. 8d ). STEM-EDX spectra show that the phases at the locations of A and S are aluminum and MgO, respectively. In addition, the phase at the location of O that is located between the two phases is aluminum oxide ( 
Discussion

Formation of MgO and MgAl 2 O 4 during high temperature oxidation
The formation energy of aluminum oxide (Al 2 O 3 ) is extremely low as the following [39, 40] :
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However, magnesium oxide (MgO) forms more easily than Al 2 O 3 because of the higher reactivity of magnesium than aluminum and the preferential segregation of magnesium atoms at the interface or surface. [21] Therefore, the initial oxidation product of aluminum High temperature oxidation of aluminum Surf. Interface Anal. 2015, 47, 429-438 Table 1 . Crystal structures of aluminum and some aluminum and/or magnesium oxides, and lattice disregistry with aluminum [31, 46, 63] melt containing magnesium is MgO at 1023 K by the following reaction [17, 39] :
The formation of MgO means that magnesium near the surface of aluminum-magnesium melt is selectively oxidized and, consequently, it produces porous MgO. [16] Through porous structure, oxygen in air can be introduced into the melt, and consequently, more MgO forms and disperses irregularly near the surface of the melt (Fig. 2 ). After that, as shown previously, MgAl 2 O 4 forms after the initial formation of MgO. Compared with the formations of Al 2 O 3 and MgO, the mechanism of MgAl 2 O 4 formation is more complex, and consequently, many different reactions have been introduced. The following reaction, based on thermodynamic considerations, is suggested for the formation of the spinel phase on the surface of the liquid metal because of voracious oxygen affinity [6] :
In this study, MgAl 2 O 4 formed during the extended oxidation shows the morphology of discrete particles instead of continuous film. It is well known that if the Pilling-Bedworth ratio under an assumption of oxygen diffusion through the oxide layer, which is expressed as V ox /V m where V ox and V m that are the oxide volume produced and metal volume consumed, respectively, is less than 1, the oxide layer exists as discrete particles (not a continuous layer). [17, [41] [42] [43] Because the value of MgO is 0.73 for aluminum, the oxide layer tends to be porous and shows the morphology of discrete particles. By contrast, if MgAl 2 O 4 is formed by the reaction of aluminum and magnesium with oxygen, the value is 1.30, which means the oxide should form a continuous film. However, the current experimental observation showed that MgAl 2 O 4 exists as discrete particles near the surface of melt. Similarly, MgAl 2 O 4 formed in an Al-0.7 Mg alloy also showed the morphology of discrete particles. [17] [3, 4, 9, 21] :
In addition, because Al 2 O 3 reacts readily with divalent transition metal oxides to form spinel aluminates, [9, 44] the following reaction is also possible [3, 11] :
As this reaction involves a solid-state reaction, if occurred in this study, this process might be kinetically slow. [9] It was suggested that dispersed Al 2 O 3 particles can act as the sites of the formation of MgAl 2 O 4.
[44] However, even in this case, a boundary layer between the Al 2 O 3 particles and the matrix was observed by electron microscopy, which means that the direct reaction of MgO and Al 2 O 3 is probably difficult. In addition, as shown in Fig. 6 was also suggested in fiber-reinforced metal matrix composites. [9, 13] Comparing the formation of MgO from magnesium and oxygen, the absolute value of Gibbs' free energy for the reaction of Mg + Al 2 O 3 is small. In addition, MgO is porous, which means that the inside magnesium or MgO can meet oxygen that is introduced from air through the porous structure. Therefore, the reaction of Mg It should be noted that as the Pilling-Bedworth ratio of Al 2 O 3 is 1.29, [41] the oxide layer exists as a continuous layer on aluminum. If the coverage of Al 2 O 3 did not happen in this study, the following reactions might occur:
As In classical heterogeneous nucleation theory based on a spherical cap model, the activation energy barrier against heterogeneous nucleation is mainly dependent on the interfacial energy of nucleant/nucleus metal and the shape of the nucleus. [45] Accordingly, good crystallographic match between the nucleant and the nucleus metal is significantly considered for a low interfacial energy, which can be achieved by small disregistry and similar crystallography. [46] The lattice disregistry (δ) between particles and metallic grains with the same crystal structure is simply defined as follows: [47, 48] δ ¼ a p À a m apþam 2
À Á
where a p and a m are the lattice parameters of the particle and the nucleating metallic phase, respectively. Because α-Al 2 O 3 has the different crystal structure with aluminum but has the orientation relationship with aluminum, such as 111
, the lattice disregistry between aluminum and α-Al 2 O 3 can be expressed as follows [49] :
Áa m À a Al2O3 ffiffi
where a Al2O3 is the lattice parameter of α-Al 2 O 3 . Table 1 is estimated values for aluminum and/or magnesium oxides. Because the oxide phases with cubic crystal structure have the orientation relationship with aluminum, such as {111} Al < 110 > Al //{111} Oxide < 110 > Oxide , the lattice disregistry along with these planes and directions was also estimated. Even though α-Al 2 O 3 and γ-Al 2 O 3 have low values of the lattice disregistry with aluminum, as already discussed, MgO forms more easily than Al 2 O 3 because of the high reactivity of magnesium and preferential segregation of magnesium atoms. Therefore, MgO and MgAl 2 O 4 have high potencies of the nucleation because of their low lattice mismatch and the same face-centered cubic structures with aluminum. [19, 50] Recently, however, experimental observations using high-resolution TEM suggested that nucleation of metal on an oxide commences at atomic level. [51] [52] [53] Furthermore, Fan introduced a new model for heterogeneous nucleation on potent substrates. [54] Beyond a critical undercooling, epitaxial growth of a pseudomorphric layer takes place at atomic level on a potent substrate. Kim also introduced that atomic level bonding across the interface of nucleant/nucleus is important for the heterogeneous nucleation. [19] As MgAl 2 O 4 has a cube-on-cube orientation relationship with aluminum, [17] the particle is considered as a high potential oxide for the nucleation of aluminum grains. However, Figs MgO forms initially near the surface of the aluminummagnesium melt. When MgO forms, it contacts directly to the melt. As shown in Fig. 2 , numerous MgO were detected near the surface of melt, and furthermore, they were bonded intimately to aluminum as shown in Figs. 4 and 5 , despite the thermal stress between the ceramic MgO and the metallic matrix that was caused by their different thermal conductivities. [55] [56] [57] In addition, it was suggested that strong bonds between oxygen-terminated MgO and aluminum are generated by the ionic component and covalent/metallic contribution because of the change of the electron density of oxygen atoms at the top layer of MgO. [52] Therefore, MgO particles have high possibility of acting as the substrate of nucleation of aluminum grains. Recently, Kim experimentally showed the ability of MgO to nucleate aluminum grains in an intensively sheared aluminum alloy. [19] Furthermore, the observation of dendritic growth of aluminum from the surface of aluminum-magnesium melt also suggested the possibility of MgO as a nucleant for nucleation of aluminum. [33] Finally, high-resolution lattice images by TEM at the interface of Al/MgO and MgAl 2 O 4 / Al 2 O 3 /MgO (Fig. 10) [58, 59] :
where γ sl is the interface energy of solid/liquid and ΔS f is the fusion entropy per unit volume. Furthermore, they suggested that the optimum size of particles is about 2 μm, [59] which is almost the same size of MgAl 2 O 4 particles formed naturally during oxidation in this study. Therefore, if MgAl 2 O 4 particles are broken by any additional mechanical process, such as melt conditioning using intensive shearing [18, 32, 60] or electromagnetic stirring, [61, 62] the size deviates from the optimum. First of all, more undercooling is necessary for the free growth of aluminum, which means that the ability of MgAl 2 O 4 to nucleate aluminum grains decreases.
Summaries and conclusion
Aluminum containing 4 wt.% magnesium was oxidized at 750°C for different lengths of time. MgO formed initially near the surface of aluminum-magnesium melt, and they were covered with aluminum. After extended oxidation time, discrete MgAl 2 O 4 particles formed. Even though the mechanism of MgAl 2 O 4 formation was complex, the observation in this study suggested that the particles were formed by the reaction of initially formed MgO, liquid aluminum, and oxygen that was introduced from air through the porous MgO. High-resolution analytical electron microscopy revealed that MgAl 2 O 4 particles were covered with Al 2 O 3 , which means that MgAl 2 O 4 particles that form naturally during oxidation are difficult to act as a direct substrate for nucleation of aluminum grains. In contrast, MgO was bonded intimately to aluminum and showed the possibility of acting as a substrate for the aluminum nucleation. This study suggested that nucleation of aluminum grains on large amounts of MgO is more effective than that on MgAl 2 O 4 covered with Al 2 O 3 that forms after incubation time. In addition, it was confirmed that it is necessary to consider atomic level bonding and mismatches of nucleant/nucleus metal for correct evaluation of the possibility of heterogeneous nucleation of metallic matrix on a potent nucleant. These atomic level observations and models may explain the well-known low efficiency of inoculants in aluminum or magnesium casting. Because the nucleation begins at atomic level, the chemical state of atoms and impurities at the surface of inoculants can affect significantly the nucleation and consequently the efficiency of inoculants.
